Direct metabolic effects of GH on adipose tissue are well established, but effects of prolactin (PRL) have been more controversial. Recent studies have demonstrated PRL receptors on adipocytes and effects of PRL on adipose tissue in vitro. The role of GH in adipocyte proliferation and differentiation is also controversial, since GH stimulates adipocyte differentiation in cell lines, whereas it stimulates proliferation but inhibits differentiation of adipocytes in primary cell culture. Using female gene disrupted (ko) mice, we showed that absence of PRL receptors (PRLRko) impaired development of both internal and s.c. adipose tissue, due to reduced numbers of adipocytes, an effect differing from that of reduced food intake, where cell volume is decreased. In contrast, GHRko mice exhibited major decreases in the number of internal adipocytes, whereas s.c. adipocyte numbers were increased, even though body weight was decreased by 40-50%. The changes in adipose tissue in PRLRko mice appeared to be entirely due to extrinsic factors since preadipocytes proliferated and differentiated in similar fashion to wild-type animals in vitro and their response to insulin and isoproterenol was similar to wild-type animals. This contrasted with GHRko mice, where s.c. adipocytes proliferated, differentiated, and responded to hormones in identical fashion to controls, whereas parametrial adipocytes exhibited markedly depressed proliferation and differentiation potential and failed to respond to insulin or noradrenaline. Our results provide in vivo evidence that both GH and PRL stimulate differentiation of adipocytes but that the effects of GH are site specific and induce intrinsic changes in the precursor population, which are retained in vitro.
Introduction
Although the effects of growth hormone (GH) upon adipose tissue have been extensively studied and clearly demonstrated, the effects of prolactin (PRL) have not been clearly defined and have generally been considered to be indirect, mainly due to the absence of convincing evidence for the existence of PRL receptors on the mature adipocyte. Whilst PRL and placental lactogen (PL) have been proposed to influence carbohydrate and lipid metabolism (Turtle & Kipnis 1967 , Genazzani et al. 1969 , Strange & Swyer 1974 , Oller do Nascimento et al. 1989 , Bandyopadhyay et al. 1995 , Freemark et al. 2001 . Concerns have been expressed about the purity of preparations of PRL and PL used because of potential contamination by either placental or pituitary GH. Negative findings have also been reported in numerous studies examining the lipolytic potential of PL or recombinant bovine (b) PL, bPRL, murine (m) PRL, or mPL in homologous systems (Fielder & Talamantes 1987 , Iliou & Demarne 1987 , Houseknecht et al. 1996 .
The PRL receptor (PRLR) belongs to the cytokine receptor superfamily and although it is widely distributed in various tissues, with the exception of birds (Bole-Feysot et al. 1998 , Ohkubo et al. 1998 , the receptor had not been detected in white adipose tissue. However, Ling et al. (2000) using reverse transcriptase-PCR, identified three PRLR isoforms in mouse adipose tissue, and also detected the protein by immunoblotting and showed it to be upregulated in lactation. They proceeded to show that PRL could induce suppressor of cytokine signaling proteins in adipocytes cultured in vitro, or in adipose tissue of PRL-transgenic mice, providing evidence for induction of intracellular signaling in the adipocyte itself, rather than in other cell types present in adipose tissue (Ling & Billig 2001) . Furthermore, insulin-induced leptin secretion was inhibited by PRL, suggesting that PRL was acting, like GH, as an insulin-antagonist. PRL receptors have also been reported to be present in human adipose tissue (Ling et al. 2003) and PRL was shown to inhibit both basal-and cortisol-induced lipoprotein lipase activity, once again mimicking the effects of GH. This series of studies provide compelling evidence for re-examination of the effects of PRL on adipose tissue in vivo.
GH has clear-cut effects on growth and nutrient partitioning between muscle and adipose tissue. Following hypophysectomy in rats, body fat increases, lean body mass decreases and such changes can be normalized by GH (Scow 1959) . Similarly, transgenic expression of an inactive GH or disruption of the GH receptor (GHR) in mice results in an obese phenotype (Oberbauer et al. 1997 , Berryman et al. 2004 . There are clearly direct effects of GH on preadipocyte and adipocyte function, mediated via the GHR (Fagin et al. 1980 , Vikman et al. 1991 , although some of its actions have been proposed to be indirect, mediated via insulin-like growth factor-I (IGF-I). This led to the proposal of the dual effector hypothesis by Green et al. (1985) which proposed that GH primes mesenchymal cells so that IGF-I can selectively promote cell multiplication, resulting in the clonal expansion of newly differentiated cells. Despite these numerous reports, the effects of GH on adipose tissue proliferation and differentiation remain an area of considerable debate. For example, GH has been demonstrated to exhibit contrasting effects on preadipocyte cell lines when compared with primary preadipocytes. Thus, in clonal cell lines like 3T3-F442A, GH has been demonstrated to decrease proliferation and increase differentiation of preadipocytes (Morikawa et al. 1982 , Green et al. 1985 . In contrast, GH stimulates the proliferation of preadipocytes in primary cultures from rat and human adipose tissue and consequently inhibits the adipocyte differentiation process in these cells (Wabitsch et al. 1996a,b) . The ability of GH to stimulate the differentiation of clonal preadipocyte cell lines is consistent with the ability of GH to regulate cellular differentiation in a variety of tissues, including osteoblasts (Kassem et al. 1993) , osteoclasts (Nishiyama et al. 1996) , and myoblasts (Ewton & Florini 1980) . In 3T3-F442A cells, the initial effect of GH is to block cell division and involves decreased expression of cyclin D1 (Corin et al. 1990 , Tang et al. 1995 , Wiepz et al. 1997 , Kim et al. 1999 . The mechanism by which GH inhibits the differentiation of primary preadipocytes into adipocytes has, however, not been studied as extensively as the differentiation program that occurs in cell lines, and thus, which of these in vitro responses most closely represents the situation in vivo, is unclear.
In light of these conflicting data, we examined adipocyte development in two mouse models of PRL-and GH-deficiency, the PRLR gene disrupted or knockout (ko) mouse (Ormandy et al. 1997 ) and the GH receptor gene disrupted or ko mouse (Zhou et al. 1997) . In our initial study of the PRLRko mouse, adipose tissue accretion was reduced, particularly in females and this became progressively more evident with age (Freemark et al. 2001) . In addition, in female PRLRko mice, there was a significant reduction in serum leptin concentrations. The present study aimed to determine the role of changes in cell number and size in the alterations in adipose tissue mass in vivo and to examine the proliferation, differentiation, and hormonal responses of preadipocytes in vitro in both PRLRko and GHRko mice.
Materials and Methods

Animals
The production of both GHRko and PRLRko mice has previously been described (Ormandy et al. 1997 , Zhou et al. 1997 . All experimental designs and procedures were in agreement with the guidelines of the Animal Ethics Committee of the French Ministère de l'Agriculture. The GHRK/K, PRLRK/K mice, and their wild-type siblings (C/C), were in the inbred 129/Sv background. Female mice were housed on a 12 h light:12 h darkness cycle at 22 8C with food and water available ad libitum. Food intakes were monitored at weekly intervals throughout the experiment for PRLRko mice and during the period 2-4 months in GHRko mice. PRLRko mice were killed by cervical dislocation at either 5 or 12 months of age. GHRko mice were killed at 3-4 or 12 months of age.
Preparation of adipocytes and preadipocytes
Adipose tissues from the s.c. (abdominal inguinal) and parametrial depots were dissected, weighed, and a portion chopped with scissors and digested with collagenase. Isolated adipocytes were prepared as previously described, with the exception that the cells were not washed by flotation, in order to avoid the loss of very small adipocytes, which otherwise leads to bias in the estimation of mean cell volume (Doris et al. 1994) . Adipocyte volumes were determined by capturing images of the isolated adipocytes and determining cell diameters using a Nikon E800 microscope equipped with a video camera and Lucia archive software.
Proliferation studies
A separate portion of tissue was used to prepare precursor adipocytes by centrifugation of the collagenase digest at 100 g for 5 min. The pellet, containing the precursors, was washed three times and the cells resuspended and counted in a hemocytometer. For proliferation studies, 5000 cells were added to 96-well plates in 100 ml Dulbecco's modified Eagle's medium (DMEM) containing 10% fetal calf serum (FCS). Cellular proliferation was determined on a daily basis by adding 10 ml water-soluble tetrazolium salt (WST)-1 into triplicate wells and incubating at 37 8C for 1-2 h. Absorbances were read at 450 nm. A standard curve was used to determine the relationship between absorbance after incubation with WST-1 and known cell numbers, added to culture wells.
Differentiation
For differentiation studies, 50 000 cells were added to six wells of a 24-well plate and cultured in DMEM containing 10% FCS until 2-3 days post-confluence. At this point, three wells were induced to differentiate with a mixture of insulin (1 mg/ml), dexamethasone (100 ng/ml), tri-iodothyronine (T3) (10 ng/ml), and 3-isobutyl-1-methylxanthine (IBMX) (100 mg/ml) in serum-free DMEM, whilst three wells served as controls for spontaneous differentiation in the presence of DMEM without additions. Medium was replaced every 3-4 days and after 10 days, cells were washed, fixed in 4% paraformaldehyde and stained with oil red O, which is lipid soluble and allows quantification of lipid accumulation in the cells. After 2 h, excess stain was removed with three washes in distilled H 2 O and the cells were then photographed before being incubated in 60% isopropanol to solubilize the dye in order to determine the absorbance at 490 nm.
Insulin and isoproterenol sensitivity
Cells that had been cultured and induced to differentiate for 7 days in 96-well plates, as previously described, were washed three times and then cultured for 24 h in various concentrations of either insulin or isoproterenol in serum-free DMEM. The response to insulin was determined by measuring glucose uptake from the medium over 24 h using O-dianisidine, whilst isoproterenol sensitivity was determined by measuring glycerol release into the medium, as a measure of lipolysis, as previously described (Doris et al. 1994) .
Statistical analyses
Comparisons were made either using Student's paired or unpaired t-test or, where multiple comparisons were made by ANOVA, followed by post hoc tests involving the Bonferroni correction.
Results
Body weight and food intake
PRLRko mice showed no significant difference in body weight at either 5 or 12 months of age and with no significant changes in food intake (results not shown). In contrast, GHRko mice were significantly lighter than their wild-type (wt) counterparts (wt 39$1G1$7 g; ko 19$3G1$8 g, meanGS.E.M. P!0$01, Student's t-test). They also ate approximately 75% of the quantity of wt animals (results not shown). Despite the fact that PRLRko mice had similar body weights to controls, adipose tissue mass was reduced. The weight of both the parametrial and s.c. depots were decreased by 45-50% in young animals (Fig. 1a) . These changes were almost completely explained by similar decreases in the number of adipocytes at each site (Fig. 1b) , with no significant changes in mean adipocyte volume (Fig. 1c) . In older animals, the decrease in parametrial adipose tissue weight was still evident (Fig. 1d ) and again explained by a decrease in cell numbers (Fig. 1e) . In contrast, the effect upon s.c. adipose tissue was almost completely lost in older animals (Fig. 1d ) , although this was as a result of a compensatory increase in adipocyte volume (Fig. 1f ) in the presence of a significant reduction in adipocyte numbers in s.c. tissue (Fig. 1e) .
The changes in adipose tissue development in GHRko mice were distinctly different from those in PRLRko mice. In young animals, the parametrial depot was profoundly affected, being decreased by 95% (Fig. 2a) . In stark contrast, the effect on s.c. adipose tissue was much less, being decreased by just 35% (Fig. 2a) . The decrease in parametrial adipose tissue weight was due to a 75% decrease in both the number and size of adipocytes ( Fig. 2b and c) . Again, in contrast, whereas the volume of s.c. adipocytes was decreased by about 50%, the number of s.c. adipocytes was almost doubled (Fig. 2b and c) . Even when expressed per unit of body weight, the parametrial depot was still significantly reduced in GHRko mice (wt, 7$2G0$6 g/kg body weight, GHRko 3$0G0$7 g/kg, P!0$01), whereas the s.c. depot was significantly increased (wt, 2$2G0$2 g/kg body weight, GHRko, 4$1G0$7 g/kg, P!0$05, Student's t-test). Although the parametrial depot increased in size in older GHRko mice, it still remained decreased by 75% compared with wt animals (Fig. 2d ) and this was again due to approximately equivalent decreases in the number (Fig. 2e) and size ( Fig. 2f ) of adipocytes. The weight of the s.c. depot in wt and GHRko mice was not significantly different at 12 months of age (Fig. 2d ) . However, this masked the fact that the s.c. depot contained two to three times as many adipocytes in GHRko mice (Fig. 2e) , whilst mean adipocyte volume was decreased by a similar magnitude (Fig. 2f ) .
In order to examine whether these changes represented intrinsic defects in the adipocytes of PRLRko and GHRko mice, we first examined proliferation of preadipocytes in vitro. There was no evidence that proliferation rates were impaired in PRLRko mice in either parametrial or s.c. sites. In fact, proliferation tended to be higher in PRLRko cells at both sites although neither achieved statistical significance (Fig. 3a) . Similarly, in GHRko mice, rates of proliferation of preadipocytes derived from the s.c. site were unaffected (Fig. 3b) . However, this was not the case for cells derived from the parametrial site of GHRko mice, since these failed to proliferate during the 7-day culture period in all six animals tested (Fig. 3b) .
The ability of preadipocytes to differentiate in vitro was also examined using a differentiation mixture, including insulin, dexamethasone, T3, and IBMX. The differentiation of the stromal vascular fraction involved a high proportion of the total number of cells, typically in excess of 75% (Fig. 4) . However, the individual response of cells varied markedly in stimulated cells, with lipid accumulation initially involving many small lipid droplets. Ultimately, these droplets coalesced to form smaller numbers of larger lipid droplets becoming highly characteristic of the fully differentiated adipocyte. The degree of differentiation was quantified by solubilization of the oil red O staining (Fig. 5) . In wt animals, the magnitude of lipid accumulation was considerably greater in the s.c. depot compared with the parametrial (note the difference in axis scales) and was also considerably greater in young animals compared with older animals (this was particularly evident in the s.c. depot). Differentiation potential was unaffected in PRLRko animals, when compared with wt animals, independently of adipose tissue site or age, under either basal-or hormone-stimulated conditions (Fig. 5) .
In GHRko mice, differentiation potential was also much greater in s.c. adipose tissue of young wt mice when compared with parametrial adipose tissue (Fig. 6) . Differentiation in s.c. adipose tissue of GHRko mice was identical to that of wt animals (Fig. 6, lower panel) . Once again, however, preadipocytes from the parametrial depot of GHRko mice behaved anomalously in vitro, showing no differentiation response (Fig. 6, upper panel) .
Hormone responsiveness of these tissues was also examined during the post-differentiation period. Insulin sensitivity, as determined by glucose disappearance from the culture medium was similar in wt and PRLRko mice, independent of the site of adipose tissue (Fig. 7a) . Insulin sensitivity in GHRko mice was also similar to wt mice in adipocytes derived from the s.c. depot, but parametrial adipocytes of GHRko mice were completely unresponsive to insulin (Fig. 7b) .
Sensitivity to isoproterenol, determined by glycerol release into the medium, was similar in wt and PRLRko mice, independent of the site of adipose tissue (Fig. 8a) . Sensitivity to isoproterenol in GHRko mice was also similar to wt mice in the s.c. depot but, as in the case for insulin, parametrial adipocytes of GHRko mice were completely unresponsive to this lipolytic agent (Fig. 8b) .
Discussion
In this study, we have examined the roles of PRL and GH in the development of adipose tissue in vivo and their subsequent influence on preadipocyte proliferation and differentiation in vitro using two knockout models, the PRLRko and GHRko mouse. These studies confirm and extend our previous findings in the PRLRko mouse, which revealed decreases in adipose tissue mass. In this study, we describe significant reductions in adipose tissue mass at two sites in female PRLRko mice and are able to extend our initial findings by illustrating that the decrease in adipose mass was explicable exclusively in terms of a reduced number of adipocytes, with no evidence of a reduction in cell volume. Thus, we have identified for the first time, an important effect of PRL in determining adipocyte numbers. When precursor populations of cells from two anatomical sites were cultured in vitro, we found no evidence of any intrinsic defect due to the in vivo absence of PRL, since they demonstrated normal proliferative and differentiative responses in vitro, as well as normal responses to insulin and isoproterenol. These findings could be a result of in vivo changes of circulating, or locally produced, modulators of adipocyte function in PRLRko mice. However, there is evidence that PRL influences differentiation of adipocytes in vitro, although this involved a cell line, 3T3-L1 (Stewart et al. 2004) . Others, using primary cultures of adipocytes, have shown that PRLR exist on adipocytes and that they respond metabolically in terms of lipoprotein lipase expression although proliferation and differentiation were not examined (Ling et al. 2000 , 2003 , Ling & Billig 2001 . Such findings suggest that the effects on adipocyte development described in our study could be the result of direct effects of PRL. Our model does not, however, permit us to explore this possibility further, since PRLRko mice possess no PRLR and thus cannot respond to exogenous PRL in vitro or in vivo.
The effect of PRLR deficiency on adipocyte numbers was unexpected, since one possible explanation for such a decrease in adipose tissue mass would be a decrease in food intake. However, we noted no change in food intake in our animals. Furthermore, the effect of food restriction is to decrease adipocyte volume, not number. In addition, we noted that the effects of PRLR-deficiency on adipocyte numbers persisted until 1 year of age, although the effect on adipose tissue mass was partially abrogated by an increase in adipocyte volume in the s.c. but not the parametrial site. This is the first report of site-specific regulation of adipose tissue metabolism by PRL.
In GHRko mice, the situation was distinctly different, not least, perhaps, because absence of the GHR leads to severe dwarfism. The development of the parametrial adipose tissue depot was dramatically impaired and this impairment was also due to a decrease in the number of adipocytes, although there was, in addition, a significant reduction in adipocyte volume. Such a finding provides strong support for a stimulatory effect of GH on both adipocyte proliferation (cell numbers) and differentiation (adipocyte lipid content or mean cell volume). In complete contrast, however, adipose tissue development in s.c. depots of GHRko mice was not significantly impaired even though these mice weighed only 40-50% of the weight of wt mice. In fact, adipocyte numbers were doubled in s.c. adipose tissue of GHR-deficient animals, whereas mean adipocyte volume was significantly decreased. The fact that, in vitro, cells from the s.c. depot also proliferated, differentiated, and responded to hormones in identical fashion to those of wt animals, suggests that the effects of GH on development and function of the s.c. depot were not due to intrinsic changes but, as for PRLRko mice, reflected events pertaining in vivo. In contrast to the s.c. site, both proliferation and differentiation in vivo of adipocytes from the parametrial depot were critically dependent upon the presence of the GHR. The distinction between the apparent fundamental requirement for GH in the parametrial depot and the total independence of the s.c. depot is clearly worthy of further investigation. In addition to identifying these site-specific effects, we also demonstrated, for the first time, that absence of the GHR creates intrinsic changes in adipocytes from this depot, which persist for at least 10 days in vitro. These findings confirm and extend a previous study where we examined the effects of an antiserum to GH which, when administered to neonatal rats, also produced major decreases in parametrial but not s.c. fat (Flint & Gardner 1993) . Whilst the effects upon the parametrial depot described in our study clearly demonstrate that GH is required for adipocyte proliferation and differentiation in vivo, in similar fashion to that seen in 3T3-F442A cells in vitro, the site-specific effects of GH may in part explain the contradictory results obtained with different cell lines, or in comparisons of primary cell culture, where cells have originated from different anatomical sites.
How might these site-specific differences be explained? There is differential expression of the GHR depending on the location of the adipose tissue depot with, for example, high level expression of the GHR in the epididymal fat pad compared with the retroperitoneal fat pad in male rats (LaFranchi et al. 1985) . However, no such studies have compared GHR numbers in s.c. and parametrial depots of female mice. Expression of the receptor is regulated during the differentiation process with increased levels of receptor expression during adipocyte differentiation (Landron et al. 1987 , Zou et al. 1997 ) and these different levels of receptor expression could explain the differential sensitivity to GH of individual adipose sites. However, the differences in GHR expression reported have generally not been large and the differences in adipose tissue development in the respective sites have, similarly, not been dramatically different. We thus believe that the dramatic changes in development of the parametrial depot in GHRko mice described in this study make this site an excellent model to examine the nature of this effect of GH.
In our study, the depot most protected from GH-deficiency, the s.c., possesses a large lymph node in the inguinal region, whereas the parametrial depot does not. Pond (1999) has proposed an intriguing hypothesis, which relates to one of the latest proposed therapeutic uses of GH. This involves the lipodystrophic condition in HIV patients where adipose tissue accumulates specifically in the abdominal cavity. Pond noted that, even in the face of starvation, some depots which are rich in lymphoid tissue are conserved. She suggests that this is a process whereby lymphoid tissues are provided with a local energy source so that immune responses are not compromised (Pond & Mattacks 2002 , Mattacks et al. 2003 , Pond 2003 . Thus, part of the GH insensitivity of the s.c. depot may be due to the influence of lymphoid cytokines.
In summary, our studies provide a number of novel observations. We demonstrate that, although the parametrial depot becomes the major depot as female mice age, the s.c. depot differentiates to a much greater extent in vitro. We also noted a considerable decrease in the ability of preadipocytes from both sites to accumulate lipid in vitro as the animals aged. For the first time, we describe effects of PRL on adipocyte development. These are not explicable in terms of effects on appetite, since the reduction in mass was attained by decreased numbers of adipocytes, rather than a decrease in their size. We also demonstrate that the actions of GH are site specific, Figure 6 Differentiation of adipocytes from wild-type (wt) and GHRko mice at 3-4 months of age. Stromal-vascular cells were cultured until confluent. Two to three days later, cells in triplicate wells were cultured in serum-free Dulbecco's modified Eagle's medium (DMEM) to provide undifferentiated (undiff) cells and triplicate wells were cultured in DMEM containing insulin, T3, dexamethasone, and IBMX for 10 days to provide differentiated (diff) cells. Lipid accumulation was determined using oil red O. Values are meansGS.E.M. of five animals per group. *P!0$05; † P!0$01; compared with undifferentiated cells. a finding which may explain the conflicting results from in vitro studies involving both primary tissue culture and preadipocyte cell lines, which may be due to derivation of precursor cells from different anatomical sites in vivo. Finally, we describe intrinsic defects in parametrial adipocytes from GHRko mice and believe that this provides an excellent model to identify novel factors involved in this long-lived effect of GH. 
